We explore the magnetoelectroluminescence (MEL) of organic light-emitting diodes by evaluating the magnetic-field dependent fraction of singlet excitons formed. We use two-and multisite polaron-hopping models with spin mixing by hyperfine fields and different singlet and triplet exciton formation rates k S and k T . A huge MEL is predicted when exciton formation is in competition with spin mixing and when k T is significantly larger than k S . This competition also leads to a low-field structure in the MEL that is in agreement with recent experiments. DOI Surprisingly large magnetic field effects (MFEs) of several percent on the electroluminescence and current in organic light-emitting diodes (OLEDs) have been found in recent years [1] [2] [3] [4] [5] . Intensive experimental and theoretical research is presently going on to unravel the mechanism behind these effects. The small field scale of a few milli-Tesla at which the effects occur points at the role of hydrogen hyperfine fields. Several mechanisms to explain the effects were proposed, involving excitons [3, 4] or bipolarons [6] . These mechanisms rely on the suppression by an applied magnetic field of the hyperfine-induced spin mixing within a pair of polarons prior to exciton or bipolaron formation. Magnetocurrent measurements on organic donor-acceptor and single-carrier devices suggest that both exciton and bipolaron mechanisms can be operative [7] .
The importance of hyperfine coupling for spin mixing in organic semiconductors was demonstrated explicitly by experiments in which MFEs occurring in a deuterated conjugated polymer were compared to those in the undeuterated polymer [8] . In identical OLEDs, the deuterated polymer yields a narrower line shape of the magnetoelectroluminescence (MEL), i.e., the magnetic-field dependence of the electroluminescence. This is in agreement with the smaller magnetic moment of a deuteron as compared to a proton. Interestingly, the MEL curves of Ref. [8] show an additional structure at low field. Finding the cause of this structure is important for establishing the precise mechanism responsible for the MEL and possibly other MFEs.
Closely related to the discussion about MFEs is the question if the quantum-statistical 1:3 ratio for the formation of singlet (S) vs triplet (T) excitons in OLEDs is violated. There are experimental claims of either a larger [9] [10] [11] [12] [13] or smaller [14] [15] [16] ratio. This question has great technological relevance, since a larger than statistical ratio would break the 25% efficiency limit of OLEDs based on fluorescence. Establishing the origin of MFEs in OLEDs is expected to provide an answer to this question. Since the MEL of OLEDs quantifies the change in the number of S excitons formed when a magnetic field is applied, it is an important tool to address this question.
In this Letter we investigate the effects of spin mixing by hyperfine coupling on the fraction of S excitons formed in OLEDs. These effects have until now only been described in qualitative terms [1, 3, 4, 15] . Moreover, only the case was considered where exciton formation from a pair of polarons is slow as compared to spin mixing by hyperfine coupling [15] . However, modeling of charge transport in two derivatives of poly(p-phenylene vinylene) (PPV) [17] shows that the rate of polaron hopping is larger than the rate of spin mixing [18] . Since exciton formation is essentially a process in which one charge hops to the site of an opposite charge, exciton formation is not expected to be slow compared to spin mixing. We therefore consider general exciton formation and spin mixing rates. We demonstrate that unexpected effects occur when there is competition between exciton formation and spin mixing. We predict that huge MEL effects can then occur. Furthermore, we show that this competition leads to a low-field structure in the MEL curves comparable to that of Ref. [8] .
We start our considerations with the two-site model shown in Fig. 1 . The two sites and represent localized states in a disordered organic semiconductor. A holepolaron at site and an electron-polaron at site together form a ''polaron pair'' (PP), a precursor to an exciton. In the PP state the exchange coupling and the possible dipolar coupling between the spins of the electron and hole are small with respect to the hyperfine and Zeeman coupling, which means that the spins are free to evolve independently.
We treat the hyperfine coupling at both sites within a semiclassical approach, with coupling of each polaron spin to a random hyperfine field B ðÞ;hf . This field is drawn from a three-dimensional Gaussian distribution with a standard deviation B hf . This treatment is correct for the typical situation that coupling of the -electron spin to several hydrogen nuclear spins occurs [19] . The total effective magnetic field B ðÞ;tot at each site is the sum of its hyperfine field and an externally applied magnetic field B ¼ Bẑ. The corresponding Hamiltonian is
Here, S ðÞ is the spin operator for the hole (electron) and B the Bohr magneton. Because of the small spinorbit coupling in organic materials we have for the g factor g % 2; we take this factor equal for electrons and holes.
Exciton formation in this model takes place by hopping of the hole to site , resulting in the formation of an S or one of the T (T 0 , T þ , T À ) excitons. We assume that in the exciton states the exchange coupling is dominant with respect to the coupling to B ðÞ;tot . Because of the steep exponential decay of the exchange coupling with distance one should expect that there is always a step in the exciton formation process where this coupling changes from subdominant in the PP state to dominant in the exciton state. We note that the exciton states after the hopping are not necessarily the states with the lowest energy. Further relaxation within the S or T exciton manifold can take place, but we assume that the exchange splitting prevents spin mixing during this process.
Because of their different energies and wave functions, the formation of S and T excitons occurs with different rates k S and k T 0 ;T À ;T þ ¼ k T , with a ratio k S =k T . The rates k S and k T are determined by material-specific details of the exciton formation process that go beyond the present work. We therefore treat as a parameter. We also introduce the ratio r k S =! hf as a parameter, with ! hf ¼ g B B hf =@ the typical hyperfine precession frequency; r ) 1 (r ( 1) corresponds to ''fast'' (''slow'') singlet exciton formation, as compared to the hyperfine precession time 2=! hf ( % 35 ns for B hf % 1 mT). We will assume that unbinding of the excitons is prevented by a large energy difference between the PP and exciton states.
The combination of the coherent time evolution of the spin state of the PP and the incoherent formation of an exciton on site is described by a stochastic Liouville equation [20] for the PP and exciton density operators PP and X :
where fÁ; Ág denotes the anticommutator and Ã ¼ P
We take X ðt ¼ 0Þ ¼ 0 and for PP ðt ¼ 0Þ we take a density operator corresponding to equal populations of the PP spin states. The final S and T exciton fractions S and T ¼ 1 À S are obtained from X ðt ! 1Þ by solving Eq. (2) with these initial conditions and by performing a numerical average over the hyperfine fields. Figure 2 (a) shows the dependence of the singlet fraction S ðB ¼ 0Þ on and r. For simplicity, the standard deviations B hf were taken equal for electrons and holes. A clear deviation from the statistical value of 1=4 is observed. The deviation disappears in the fast-hopping limit r ! 1, where the effect of the hyperfine fields is quenched. As expected, the largest deviation occurs in the slow-hopping limit r ! 0. We conjecture that the mechanism presented here is the generic mechanism behind violations of the statistical S:T ratio in OLEDs. Figure 2 (b) shows the dependence of the magnetic-field effect MFEðBÞ ¼ ½ S ðBÞ À S ð0Þ= S ð0Þ for B ! 1 (MFE for short) on and r. We see that in the slow-hopping limit r ! 0 also a substantial MFE occurs. In this limit the following analytical result can be derived [21] :
In the limit r ! 0 we find from Eq. (3) that MFE ! À1=2 for ! 1, whereas MFE ! þ0:294 for ! 0.
Quite surprisingly, however, the largest MFE does not occur for r ! 0, but for intermediate values of r and small (k T ) k S ). The reason for this is the competition between exciton formation and spin mixing. For small r and the singlet fraction is small, but increases to the statistical fraction of 1=4 when r grows to a value where FIG. 1 (color online) . Two-site model, with an electron at site at which an exciton will be formed by hopping of a hole at site to . The total effective magnetic field B ðÞ;tot is the sum of a random hyperfine field B ðÞ;hf and an applied field B. Spin mixing occurs by precession of the spins around B ðÞ;tot . exciton formation is so fast that it quenches the effects of the hyperfine fields. This increase occurs more abruptly for small than for large B, leading to a pronounced peak in the MFE that grows indefinitely with decreasing . This means that it should be possible to obtain a huge MEL if the parameters of the organic material can be appropriately tuned. As an example, for ¼ 0:1 and r ¼ 0:3 an MFE of 75% can be obtained, with an S exciton fraction of 10% at large field.
In order to study situations closer to reality, we simulated recombination in 3 Â 3 Â 3 and 5 Â 5 Â 5 cubic multisite boxes with an electron fixed in the middle. A hole in the box is attracted to the electron by the Coulomb interaction and will eventually recombine with it. It is straightforward to generalize the Hamiltonian equation (1) and the stochastic Liouville equation (2) to this case. To be specific, we took parameters representative of roomtemperature hole transport in PPV derivatives, with random site energies drawn from a Gaussian distribution with a standard deviation of 0.14 eV, a lattice constant of 1.8 nm, and a relative dielectric constant of 3 [17] . Since hole transport in PPV is dominant with respect to electron transport it is indeed reasonable to assume that the electron remains fixed. We assumed hopping by thermally assisted tunneling [22] from site i to j with a rate k ij ¼ k hop exp½Àð" j À " i Þ=k B T for " j ! " i and k ij ¼ k hop for " j < " i . Here, T is temperature, k B is Boltzmann's constant, and " i and " j are the site energies of i and j, which include the contribution of the Coulomb energy due to the electron. A hole with a random spin is introduced with a Boltzmann probability at one of the boundary sites. Since exciton formation is an energetically downward process that occurs by hopping of a hole to the electron, it is reasonable to assume that k S and k T are comparable in magnitude to k hop . For definiteness we took k S ¼ k hop and k T ¼ k hop =.
Figures 3(a) and 3(b) show the result for S and its MFE, respectively, of the simulations for the two boxes with ¼ 0:1, 0.7 (see below for this choice) and 10.
Averages were taken over different energetic and hyperfine disorder configurations until the statistical error was of the order of the size of the symbols shown. The results of the two-site model are included for comparison. The huge MFE is again visible in Fig. 3(b) for ¼ 0:1. The results for the 3 Â 3 Â 3 and 5 Â 5 Â 5 boxes almost fall on top of each other, which means that the results are converged with respect to system size. Interestingly, both the deviations from the statistical singlet fraction as well as the MFE extend to higher values of r for the multisite boxes than for the two-site model. The reason is that a hole at a site neighboring the electron has, apart from the option to recombine with the electron, the option to hop to another site, leading to further possibilities for randomization of its spin before recombination. Hence, the effect of the extra sites is to enhance the spin randomization by the hyperfine fields. This is an important conclusion, since estimates of r for two PPV derivatives, obtained by an analysis of measured current-voltage characteristic of hole-only devices [17] , are in the order of 10-1000 [18] . Figure 3 shows that even for these high values of r observable effects should remain.
We also investigated the line shapes of MFEðBÞ. For r ! 0 we always found Lorentzian line shapes with a width of a few times B hf . However, for intermediate r we generically found an additional low-field structure, as in the MEL experiments of Ref. [8] ; see Fig. 4 . In Ref. [8] the MEL curves were modeled with a coupling of the spins of the PP to a single nuclear spin at each of the two sites of the PP (spin 1=2 for the undeuterated and spin 1 for the deuterated polymer). However, it should be expected that in reality coupling to many nuclear spins occurs [23] , in accordance with our semiclassical treatment. An intuitive explanation for the low-field structure is again based on the competition between exciton formation and spin mixing at finite r. An increase of B initially increases spin mixing by increasing the average precession frequencies. With a further increase of B the alignment of the effective magnetic fields eventually reduces spin mixing.
The experimentally observed increase of the MEL with magnetic field points at a larger T than S formation rate, i.e., < 1. This is in agreement with the claim of Segal et al. that in PPV the S fraction is lower than 25% [14] . The result appears to be at odds with theoretical considerations about a faster formation rate of S than T excitons [24] [25] [26] , based on different ionic characters and/or energies of S and T excitons. It is our assumption, however, that the step decisive for the final S fraction occurs in the very early stage of exciton formation, when these considerations may not yet apply. With % 0:7 we can reproduce the value of 20 AE 4% reported by these authors [cf. Fig. 3(a) ]. Although not essential for obtaining the low-field structure, taking different standard deviations for the hyperfine fields of electrons and holes makes the structure more prominent. The results for the MFE plotted in Figs. 4(a) and 4(c) were obtained with the two-site model [27] by taking ¼ 0:7 and B hf;e ¼ 3B hf;h , as found by electrically determined magnetoresonance measurements on a related PPV derivative [28] . We took r ¼ k S =! hf;h ¼ 1:5 and 4.886. The factor 4:886=1:5 ¼ 3:257 accounts for the different spins and gyromagnetic ratios (267.51 and 41:07 rad=sT) of the proton and deuteron. With these values of r, the ratio of the sizes of the low-field structure for the deuterated and undeuterated case is approximately equal for the predicted and measured result. Regarding the large uncertainty in the parameters, the overall agreement with the MEL experiments is quite remarkable. An important conclusion is that our study of MEL curves provides valuable information about the magnitude and ratio of the triplet and singlet exciton formation rates in OLEDs.
Finally, we remark that similar low-field structures as found in the MEL were very recently also found in the magnetoconductance (MC) of OLEDs as well as singlecarrier devices [29] . The low-field structure in the MC of OLEDs could very well be related to that in the MEL. However, in the single-carrier devices no exciton formation should take place, leaving the bipolaron mechanism [6] as candidate for the description of the MC. By taking very large values of in the two-site model, reflecting suppression of triplet bipolaron formation [6] , we checked that the low-field structure for intermediate r then also appears. This demonstrates the similarity of the physics involved in exciton and bipolaron formation.
In summary, we investigated the effects of hyperfineinduced spin mixing on the magnetoelectroluminescence of organic light-emitting diodes by evaluating the fraction of singlets formed as a function of magnetic field. A huge magnetic-field dependence may be obtained when there is competition between exciton formation and spin mixing.
Low-field structures found in magnetoelectroluminescence experiments were reproduced and explained in terms of this competition. Results obtained with a two-site model for a recombining electron-hole-polaron pair were verified with simulations of a realistic multisite model, in which spin mixing is enhanced by hopping to other sites before recombination.
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